Many unicellular tubes such as capillaries form lumens intracellularly, a process that is not well understood. Here we show that the cortical membrane organizer ERM-1 is required to expand the intracellular apical/lumenal membrane and its actin undercoat during single-cell Caenorhabditis elegans excretory canal morphogenesis. We characterize AQP-8, identified in an ERM-1-overexpression (ERM-1[++]) suppressor screen, as a canalicular aquaporin that interacts with ERM-1 in lumen extension in a mercury-sensitive manner, implicating water-channel activity. AQP-8 is transiently recruited to the lumen by ERM-1, co-localizing in peri-lumenal cuffs interspaced along expanding canals. An ERM-1[++]-mediated increase in the number of lumen-associated canaliculi is reversed by AQP-8 depletion. We propose that the ERM-1/AQP-8 interaction propels lumen extension by translumenal flux, suggesting a direct morphogenetic effect of water-channel-regulated fluid pressure.
been difficult to dissect: Drosophila Dmoesin and zebrafish moesin1 were implicated in both tube elongation and restriction, in both a junction-dependent and -independent manner [18] [19] [20] .
We took advantage of the simplicity of the single-cell C. elegans excretory canal to investigate the role of ERMs in apical membrane modelling and lumen morphogenesis. We searched for genetic modifiers of the ERM-1 overexpression (ERM-1[++]) cystic-canal phenotype 13 and identified aqp-8 (aquaporin), a member of the highly conserved family of membrane water channels 21 . Although aquaporin channel structure, permeability properties and inhibition by mercury are well characterized in vitro, the roles of aquaporins in vivo are less clear 22, 23 , because knockouts revealed non-essential roles for most. Given their tissue and organelle-specific localization, this finding is not explained by redundancies alone. Moreover, multiple knockouts have yielded few phenotypes: for instance, C. elegans aqp-2;aqp-3;aqp-4;aqp-8 quadruple null mutants are viable and superficially wild type 24 .
Here we report a cooperative function of ERM-1 and AQP-8 in intracellular lumen and tube extension. Our findings suggest that ERM-1 extends intracellular lumens by: expansion of the apical/lumenal membrane and its submembraneous cytoskeleton; transient lumenal recruitment of AQP-8-associated canaliculi promoting translumenal flux.
RESULTS

ERM-1 is required for intracellular lumenal membrane and actin coat expansion
During late embryogenesis, the C. elegans excretory cell laterally extends two canal arms, each of which bifurcates and completes anterior-posterior extension in first-stage larvae (L1 larvae). Canals subsequently expand synchronously with the animal's growth 25 (Fig. 1a ). The thin tubular canal arms (canal tubes, tube cytoplasm pseudo-coloured blue throughout) are surrounded by basal membranes and pierced by ultrathin tubular lumens that are lined by lumenal membranes and a submembranous cytoskeleton of apical character 10, 13 (canal lumens; lumenal membranes shown in green to avoid confusion with canal tubes that also appear as single or double lines by fluorescence microscopy; Fig. 1b and Supplementary  Fig. S1A -H). One junction connects the excretory cell to the duct, a connection essential for outflow and survival, but no junctions form along the length of the canal arms 5, 6 .
To assess the role of ERM-1 in canal morphogenesis, we examined its development under conditions of decreased and increased levels of ERM-1. The appearance of ERM-1::GFP coincided with lumen initiation (1.5-fold embryo), and it was located at the lumenal membrane ( Supplementary Fig. S1I -J'' and Fig. 5a -i''') and led its expansion ( Fig. 1c-h' ). Cytoplasmic ERM-1::GFP puncta were never observed, suggesting that lumenal membranes do not expand from vacuole membranes with full apical character.
Canal extension, visualized with vha-1p-or sulp-5p-driven cytoplasmic excretory-canal GFP, was dependent on ERM-1 dosage: progeny of erm-1(tm677) deletion mutants failed to extend canals and accumulated fluid in canal cell bodies of L1-arrested larvae (penetrance 100%, N > 200; Fig. 1i -i''); homozygous progeny of tm677/+ animals also failed to extend canals and exhibited canal cell bodies that stretched laterally and towards the posterior (penetrance 100%, N > 200; Fig. 1j -j''), suggestive of intact external guidance cues; erm-1(tm677)/+ animals extended canals to 1/2-wild-type length (penetrance 100%; N > 200; Fig. 1k -k''); erm-1(RNAi) animals exhibited a dose-dependent range from no to almost full-length canal extension ( Fig. 1m-x) . In all cases, the canal-to-duct junction remained intact, as indicated by proper localization of the junction component AJM-1 (refs 6,26) and by the ability of moderately ERM-1-depleted animals with short canals to survive to adulthood, suggesting that erm-1 did not affect canal extension through junction assembly ( Supplementary Fig. S2A-C) .
In ERM-1-depleted animals, the canal cytoplasm contained either vacuoles and no lumen, aligned discontiguous vacuoles, or vacuolar-shaped shortened lumens (Fig. 1m-r and Supplementary Fig.  S2D -I). Where vacuoles were misaligned, at canal tips ( Fig. 1p and Supplementary Fig. S2G ) or in the cell body ( Fig. 1n and Supplementary  Fig. S2E ), lumens did not extend or deviated from their course, suggestive of a link between vacuole alignment and directional extension. To examine lumenal membrane expansion, canals were labelled with ACT-5::GFP, a tube-specific actin that, like ERM-1, was found to reside at lumenal membranes 13, 27 . Vacuole alignment correlated with lumenal actin assembly ( Fig. 1s-x and Supplementary Fig. S2J-O) : isolated vacuoles lacked ACT-5::GFP ( Fig. 1s and Supplementary Fig.  S2J ); aligned vacuoles were partially coated ( Fig. 1t and Supplementary  Fig. S2K ); and vacuolar-shaped lumenal membranes were fully coated with ACT-5::GFP (Fig. 1v,w and Supplementary Fig. S2M,N) .
ERM-1 overexpression (ERM-1[++]
) from a transgenic erm-1 allele (fgIs2[erm-1p::erm-1]) 13 and several fgEx(erm-1p:::erm-1::gfp) lines resulted in widened and deformed canal lumens (100%, N > 1,000; Fig. 2a-f and Supplementary Fig. S3A -F). fgIs2(erm-1p::erm-1), previously shown to fully rescue tm677 (ref. 13) , raised the levels of erm-1 messenger RNA ∼8-fold and ERM-1 protein (detected by distinct monoclonal and polyclonal antibodies) ∼9-fold, and was suppressed by erm-1 RNAi (100%, N > 500; Fig. 2g-h and Supplementary Fig. S3G -J, not shown), all data indicating that higher amounts of functional ERM-1 caused the defect. erm-1(RNAi) suppressed ERM-1[++]-induced cysts only when initiated before or during active lumen extension (Fig. 2o ).
Nomarski and confocal analysis of GFP-labelled ERM-1[++] canals revealed cystic fluid build-up in short canals that extended lumenless cytoplasmic islets beyond tip cysts (Fig. 2b,c ). An ACT-5::GFP coat characterized the fluid build-up as intralumenal cysts (intralumenal spheres, bounded by apical membranes, are denoted as cysts; small and large cytoplasmic spheres, not fully bounded by such membranes, are denoted as vesicles and vacuoles, respectively). Unlike wild-type ACT-5 coats, ERM-1[++] ACT-5 coats extended beyond the lumen and were thicker ( Fig. 2d-f and Supplementary Fig. S3K-O) . Thus, ERM-1[++] canals exhibit excess/aberrant lumenal actin coating and form intralumenal cysts, whereas ERM-1-depleted canals exhibit no or incomplete lumenal membrane expansion with discontiguous actin coating and accumulate cytoplasmic vacuoles.
We conclude that ERM-1 dose-dependently expands the junctionless C. elegans excretory canal lumenal membrane and its actin cytoskeleton. ERM-1 depletion phenotypes are compatible with a vacuolecoalescence model of canal lumen extension and suggest that lumen-forming vesicle membranes concomitantly align, coalesce, and acquire apical characteristics and a submembraneous actin track that directionally extends an intracellular lumen.
An RNAi modifier screen reveals a requirement of AQP-8/aquaporin for the ERM-1[++] excretory canal phenotype
To determine the molecular basis of the role of ERM-1 in intracellular lumen extension, we performed a targeted RNAi ERM-1[++] modifier screen. An RNAi library was built from experimentally identified ERM interactors from all species, and eight classes of candidates were generated and extended by mining available databases ( Fig. 2i ). Corresponding C. elegans orthologues (N = 1,300) were knocked down by feeding RNAi bacteria to an ERM-1[++] strain with vha-1p::GFP-labelled canals. Enhancement was defined as increased cyst size or canal shortening, and suppression as reduced cyst size and canal re-extension ( Fig. 2j-m ). aqp-8 was one of several genes identified as a strong suppressor of the ERM-1[++] cystic-canal phenotype ( Supplementary Table S1 ).
Suppression of aqp-8(RNAi) was confirmed in aqp-8(ok2800), a likely null allele deleting part of the gene and introducing a frameshift and stop codon ( Supplementary Fig. S5A ). Over 40% of aqp-8(ok2800);fgIs(erm-1p::erm-1) double mutants had thinner and re-extended canals, without cysts, as compared with animals containing only fgIs2(erm-1p::erm-1) ( Fig. 2n and Supplementary Fig. S4A-B' ). This aqp-8 mutation, or aqp-8 RNAi, also suppressed overexpression phenotypes of erm-1::gfp transgenic strains (not shown). Suppression was specific to ERM-1[++] cysts, as exc-5(rh232), exc-4(rh133) and exc-2(rh90) cysts 4,10 were not suppressed ( Supplementary Fig. S4C Supplementary Fig. S1A-H ). The C. elegans excretory system consists of five cells (excretory-, duct-, pore-and two gland cells) 3 ; only the excretory cell is shown. The whole animal is shown in a, and the outlined area is magnified in b. Here and below, canal cytoplasm is shown in blue, lumenal membrane/cytoskeleton in green, canalicular and endosomal vesicles in red (fluorophores are pseudo-coloured accordingly, exceptions are indicated). Feeding animals aqp-8 double-stranded RNA after completion of embryogenesis, sufficient to abolish AQP-8::GFP, suppressed ERM-1[++] cysts only when introduced at the L1-L2 stage ( Fig. 2o and Supplementary Fig. S4F -G'). We conclude that AQP-8 interacts with ERM-1 in canal development and exerts its effect during the phase of active lumen and canal extension.
AQP-8 contributes to lumen and canal extension and is expressed on canalicular vesicles
To investigate the role of AQP-8 in excretory canal morphogenesis we examined canal development after modulating AQP-8 levels and analysed the subcellular localization of AQP-8. Viable mutants in two different likely null alleles, aqp-8(ok2800) and aqp-8(tm1919), labelled with either cytoplasmic or lumenal GFP, exhibited moderately shortened canals and lumen defects at ∼40% penetrance, including: canal-tip vacuoles; extension of cytoplasmic islets beyond prematurely ending lumens; and reduced lumen diameters ( Fig. 3a-e and Supplementary Figs S1D-H and S5B, not shown). aqp-8 knockdowns generated a range of mild to moderate canal defects of similar character, with strong RNAi phenocopying the germline deletion mutants. Mutant canal phenotypes were rescued by transformation with either aqp-8p-aqp-8::gfp or aqp-8p-aqp-8::mCherry plasmids ( Fig. 3f and Supplementary Fig. S5B ).
AQP-8 overexpression (AQP-8[++]) from several independent lines caused widened canals (penetrance ∼ 90%, N > 500) or round ). An increase in the number of copies of aqp-8p::aqp-8::gfp (the aqp-8(ok2800) rescuing plasmid) raised aqp-8 mRNA levels and progressively widened canals, and AQP-8[++] defects were suppressed by aqp-8 RNAi ( Fig. 3i and Supplementary Fig. S5F , not shown). These data indicate that, as for ERM-1, higher levels of functional AQP-8 also affect canal morphogenesis.
To examine possible redundancies of AQP-8 with other water channels in canal development, we inspected GFP-labelled canals in animals depleted of other C. elegans aquaporins (Supplementary Fig. S6 ). aqp-2, aqp-3 and aqp-8 are the three C. elegans aquaporins shown to be expressed in the excretory canal 24, 28 . An aqp-2(ok2159) presumed null allele failed to generate obvious canal defects, as did the aqp-2(ok2159);aqp-3(RNAi) double deletion/knockdown that also failed to enhance the aqp-8(RNAi) phenotype ( Supplementary Fig. S6A) . None of the other tested aquaporin knockdowns generated discernible defects, and among them only aqp-8 suppressed the ERM-1[++] phenotype ( Supplementary Fig. S6B -C).
We generated aqp-8p::aqp-8::gfp and mCherry plasmids that confirmed the expression of AQP-8 in the excretory system 24, 28 and revealed it as an endo-rather than plasma-membrane-associated channel that localized to dense cytoplasmic, mostly lumen-distant puncta/patches (Figs 3j-v', 5f,i-i''' and Supplementary Figs S5G,H and S7 for further AQP-8 localization). This expression pattern suggested that AQP-8 resides on canaliculi that fill the canal cytoplasm as small vesicles whose inter-connection and lumen connection may be dynamically regulated 5 (Figs 3w-x and 7h). AQP-8::GFP did not overlap with mCherry::RAB-11, :RAB-5, :RME-1 and :CHC-1, which identify larger, sparser and basally aligned endosomal vesicles 29 (Figs 3m-p' and 7h-k). We generated GFP fusions with VHA-1, a vacuolar ATPase subunit probably located on canaliculi, which copied the AQP-8 expression pattern and partially co-localized ( Fig. 3q-s' ). AQP-8 was also partially co-localized with GFP and mCherry fusions to VHA-5, another component of the vacuolar ATPase, shown by immuno-electron microscopy to be located at canaliculi 7 (Fig. 3t -v').
We conclude that AQP-8 is a canalicular-vesicle-rather than plasmamembrane-associated aquaporin in the C. elegans excretory canal and probably the sole aquaporin to function in lumen and canal extension. AQP-8, like ERM-1, dose-dependently extends canal lumens, but, unlike ERM-1, seems to expand lumen diameters rather than membranes.
Genetic interactions between AQP-8 and ERM-1
To further investigate the nature of the AQP-8/ERM-1 interaction, we examined canal extension and cyst formation in different combinations of erm-1 and aqp-8 loss-and gain-of-function conditions. aqp-8(ok2800) enhanced the partial loss-of-function erm-1(RNAi) canal defects, supporting a coordinate function of these genes in canal extension (Fig. 4a ). As homozygous erm-1(tm677 ) mutants extend no canals, further reduction of length cannot be measured. However, erm-1(tm677);aqp-8(ok2800) double-mutant canal-cell bodies contained fewer vacuoles, suggesting an ERM-1-independent function of AQP-8 in intracellular vesicle swelling ( Fig. 4b ).
ERM-1[++] enhanced the AQP-8[++] cystic-canal phenotype, also supporting their common function in canal lumen morphogenesis ( Fig. 4c ). Unexpectedly, however, erm-1 RNAi suppressed AQP-8[++]-induced cyst formation, indicating that it requires ERM-1 ( Fig. 4d ). Loss of ERM-1, a lumenal scaffold component, would be predicted to enhance canal cysts, as indeed observed for RNAi with sma-1/β H -spectrin, encoding another canal-lumen-scaffold constituent 4 , which enhanced AQP-8[++] cysts ( Fig. 4e ).
We conclude that erm-1 and aqp-8 genetically interact in excretory canal lumen extension, and that they are mutually required to generate their overexpression cystic canal phenotypes, a scenario compatible with a direct, possibly physical, ERM-1/AQP-8 interaction in this process. aqp-8 seems to have another erm-1-independent function in excretory-canal-vesicle swelling.
AQP-8 and ERM-1 co-localize in peri-lumenal cuffs during canal lumen extension and interact in yeast two-hybrid assays.
Given the distinct location of AQP-8 and ERM-1 at endo-versus plasma membranes, a direct in vivo AQP-8/ERM-1 interaction seemed unlikely. To explore the possibility of a spatially or temporally restricted interaction, we examined co-expressed AQP-8::mCherry and ERM-1::GFP throughout canal development. AQP-8::mCherry appeared only after completion of lateral canal extension, lagging behind lumenal ERM-1::GFP, indicating that AQP-8, unlike ERM-1, is not strictly required for lumen extension (Fig. 5a-b' ). AQP-8::mCherry then rapidly spread along canal arms, overtaking ERM-1 at canal tips by the time of anterior-posterior canal extension ( Fig. 5c-d') . AQP-8 expression markedly increased in canal varicosities, excess canal tissue that forms along actively growing canals 30 and during an osmotic challenge 7 (Fig. 5e ). AQP-8::mCherry/ERM-1::GFP lumenal overlap was restricted to this growth phase and condensed into peri-lumenal cuffs through enrichment in varicosities ( Fig. 5g-h''' ). Both AQP-8 expression and ERM-1 overlap sharply declined with the flattening of varicosities, when AQP-8 assumed its adult lumen-distant vesicular expression pattern (Fig. 5f ,i-i'''). Varicosities and AQP-8::mCherry/ERM-1::GFP overlap persisted at adult posterior canal tips, suggesting their role in lumen tip maintenance ( Supplementary Fig. S8A-C') .
To examine a possible physical interaction of ERM-1 and AQP-8 we performed yeast two-hybrid assays. ERM-1 interacted with AQP-8, as well as with ACT-5 (actin), but not with UNC-54 (myosin) (Fig. 5j-m and Supplementary Fig. S8D-D' ). Mapping of ERM-1 domains suggested that AQP-8 binds to the carboxy-terminal ERM-1 domain.
We conclude that a putative physical ERM-1/AQP-8 interaction is temporally and spatially regulated in vivo and largely confined to the short period of active canal extension and to peri-lumenal cuffs at canal varicosities interspaced along extending canals.
Mercury inhibits the effects of AQP-8 on excretory canal morphogenesis and the ERM-1[++] phenotype.
As a water channel, AQP-8 might extend the canal lumen by translumenal flux. However, not all aquaporins transport water 31 and AQP-8 fails to do so under isotonic conditions in Xenopus oocytes 24 . We reasoned that it might nevertheless transport water into acidified vesicles or intracellular lumens. To test this, we first assayed osmotic behaviour in aqp-8 mutants. To target the efferent arm of osmoregulation, worms were directly placed into non-isotonic solutions, rather than allowing adjustment to different plate osmolarities 24 . Under these conditions, aqp-8(ok2800) mutants were sensitive to hypotonic stress (Fig. 6a-c) .
Next, we examined the effect of mercury that specifically inhibits aquaporin water-channel activity 32 . Mercury at non-toxic doses mildly inhibited excretory canal extension in otherwise wild-typeappearing animals (Fig. 6d ). This effect was largely mediated by AQP-8, because mercury failed to enhance aqp-8(ok2800)-induced excretory-canal shortening (Fig. 6e) . Moreover, non-toxic mercury doses substantially suppressed AQP-8[++]-induced cyst formation and partially suppressed AQP-8[++]-induced canal shortening ( Fig. 6f-h,k) . These data indicate that AQP-8 acts as a water channel in canal morphogenesis, and suggest that excess flux during canal extension expands lumen diameter at the expense of forward extension.
ERM-1[++]-induced cysts and canal shortening were likewise suppressed by mercury, albeit only partially ( Fig. 6i-k and ERM-1[++] cysts, as exc-5(rh232) cysts could not be suppressed (Fig. 6k ). Cysts were suppressed only when mercury was present during active canal extension (Fig. 6l ).
To further determine the morphogenetic function of AQP-8 as a water channel, we mutated conserved residues in the channel region required for water transport, including a mutation that induces diabetes insipidus in humans 33 , and examined their effects on canal extension. aqp-8p::aqp-8 A81D ::gfp and aqp-8p::aqp-8 A81D,R213H ::gfp were correctly expressed at canaliculi, but less able than aqp-8p::aqp-8::gfp to reverse aqp-8(ok2800)-induced excretory-canal defects and the aqp-8(ok2800)-induced suppression of ERM-1[++] cysts ( Fig. 6m-o) .
We conclude that water flux has a direct morphogenetic effect on unicellular tubes and that AQP-8 extends intracellular lumens by its ability to transport water, which also mediates its interaction with ERM-1.
ERM-1 recruits AQP-8 to the lumen and increases the canaliculi-lumen connection.
AQP-8-mediated flux could directly extend lumens by influx either into the lumen or into subsequently lumen-connecting vesicles. Alternatively, vesicular influx might extend lumens secondarily, through effects on the vesicular delivery of lumenal membrane components. To explore these possibilities in relation to an ERM-1/AQP-8 interaction, we examined whether AQP-8 was required for lumenal recruitment of ERM-1 or vice versa. aqp-8(ok2800) mutants recruited both ERM-1::GFP and ACT-5::GFP to the expanding lumenal membrane (Fig. 7a,b) . In contrast, AQP-8::GFP, AQP-8::mCherry and VHA-1::GFP tubulovesicles remained dispersed away from extending lumens of erm-1(tm677)/+ and erm-1(RNAi) animals, but not from sma-1(RNAi) lumens, which also exhibit lumen morphogenesis defects ( Fig. 7c-e and Supplementary Fig. S8E,F) .
In addition, surplus ERM-1 recruited AQP-8::mCherry puncta to the lumen of mature canals, where they accumulated in bright patches, and, in contrast to wild type, overlapped with lumenal ACT-5::GFP ( Fig. 7f-g'' and Supplementary Fig. S8I and Table S2 ). The AQP-8/ACT-5 accretion was not caused by physical constraint of the cysts, as indicated by the unaltered homogeneous distribution of cytoplasmic sulp-5p::GFP ( Supplementary Fig. S8G-I) .
Comparisons of high-pressure-freezing transmission-electronmicroscopy (HPF-TEM) cross-sections of ERM-1[++] versus wild-type canals revealed cystic lumens with undulating membranes framing cytoplasmic bulges. In these bulges, the tubulovesicular membrane system was shifted towards the lumen, with an increase in the fraction of lumen-connected vesicles (from 10 to 40%), in vesicle interconnections and vesicle density, and with the appearance of markedly elongated lumen-connected tubules (Figs 7h,i and 8a,c and Supplementary  Fig. S8J and Table S3 ). Tomographic analysis confirmed the increase in lumen-connected canaliculi in ERM-1[++] canals ( Fig. 8a-d ). This increase was alleviated in aqp-8(ok2800);ERM-1[++] canals ( Fig. 7k and Supplementary Fig. S8J and Table S3 ). In contrast, aqp-8(ok2800) canal cross-sections exhibited a decreased fraction of interconnected canalicular vesicles (from 14 to 3%) and a moderate reduction in lumen diameter ( Fig. 7j and Supplementary Fig. S8K and Table S3 ).
We conclude that ERM-1 recruits AQP-8 to the excretory canal lumen and excess ERM-1 increases the canalicular-lumenal interface in an AQP-8-dependent manner.
DISCUSSION
Two models for intracellular lumen extension by lumenal membrane expansion have been proposed. Zebrafish intracellular and intercellular vascular lumens extend by coalescing vacuolar membranes of presumed apical character, elaborating the in vitro capillarogenesis model 20, [34] [35] [36] . It is unclear how this process acquires intracellular directionality. Moesin1 promotes lumen extension, but is thought to exert its effect secondarily through intercellular junctions and junction-dependent polarization 20 . In contrast, in Drosophila terminal-tracheal-branch morphogenesis, an intracellular lumen extends through inward growth of the apical membrane along a pre-established actin track, without apparent vacuolar fusions 19 . The actin track contains Dmoesin, but its function is unclear.
The single-cell C. elegans excretory canal permits the observation of a direct ERM-1 role in the expansion of an intracellular lumenal membrane and its actin undercoat, and furthermore suggests that it occurs through coalescence of vesicle membranes that acquire apical character and a directional actin track during, not before, coalescence. This could propose a unifying model for intracellular lumenal membrane expansion: the coalescence of different vesicle membranes, not necessarily of apical character (and thus not detected by apical labels in Drosophila and C. elegans), with concomitant actin track construction (perhaps also present in zebrafish). Indeed, vesicle trafficking is also required for Drosophila terminal-tracheal-branch morphogenesis 37 .
The ability of ERM-1 to expand a junctionless apical/lumenal membrane now demonstrates a direct ERM requirement for de novo apical membrane and lumen biogenesis and reveals its junctionindependent function in this process. ERM-1 instead participates in the recruitment and actin coating of membrane-forming vesicles, raising the possibility that ERMs regulate cortical membrane dynamics by negotiating vesicle-to-plasma-membrane contacts (perhaps by means of actin) rather than by membrane-scaffolding 15 , consistent with recent reports on the role of ERMs in vesicle dynamics [38] [39] [40] [41] .
In support of an ERM role at the vesicle-to-membrane interface, we also find that ERM-1 recruits AQP-8-associated canalicular vesicles to the lumenal membrane. However, lumenal membranes do not incorporate AQP-8, suggesting that these vesicles only transiently connect, a scenario compatible with an AQP-8 function in lumen extension by flux. Nonetheless, even a transient canaliculi-membrane connection modifies the lumenal cortex. This may explain dual ERM effects on membrane channels/pumps previously observed in other systems, such as its effects on both the pump function of membrane-associated Na/H exchangers (NHE3) and on the structural, pump-independent function on cortex organization by NHE1, as well as its effect on increasing gastric acid secretion through both H+/K+-ATPase-activation and the expansion of a microvillar-canalicular interface [42] [43] [44] [45] [46] .
Most ERM interactors associate with the membrane-directed amino terminus of ERMs (ref. 15 ). An AQP-8 interaction with the actinbinding C terminus of ERM-1 might generate a canaliculi-membrane bridge akin to its actin-membrane link. Intriguingly, a C-terminal Moesin peptide promotes apical membrane recruitment of AQP2 in mammalian cell lines 47 . This was interpreted as an inhibitory peptide effect, but perhaps reflects a peptide-dependent recruitment of aquaporin to the membrane. It is tempting to speculate that AQP-8 competes with actin for the C-terminus of ERM-1 during canal extension, resulting in transient canaliculi-membrane contacts at the expense of actin-membrane coating. ERM-1 might thus orchestrate lumenal membrane expansion with lumen diameter expansion (Fig. 8e,f) .
A direct, regulated and active morphogenetic force of hydrostatic pressure in metazoan development has long been proposed, but not yet demonstrated 48 . However, hydrostatic pressure was recently shown to shape cells in vitro 49 , and to indirectly shape developing zebrafish tissues, such as nephrons, by cell migration, and vessels by means of lumen stabilization and anastomosis 20, 36, 50 . It can also passively expand preformed developing structures, for instance, the zebrafish gut by CFTR-channel-mediated flux or, as paracellular flux, single lumens in Xenopus multicellular tubes [51] [52] [53] . In contrast, hydrostatic pressure is a documented direct, active and, moreover, aquaporin-regulated tissue-shaping force in plants (which harbour a greater variety of vesicular aquaporins) 54 . No such role has yet been shown for metazoan aquaporins, although their function in development is accumulating: AQP11-deficient mice develop polycystic kidneys for unknown reasons 55 ; mouse AQP1 and AQP2 support tumour angiogenesis and renal tubulogenesis, respectively, through cell migration 56, 57 ; and aquaporins affect morphogenesis flux-independently, through adhesion, for instance lens AQP0 (functioning as a junction in its closed configuration) and the Drosophila AQP4 homologue big brain 31, [58] [59] [60] .
The present analysis now suggests that water-channel-regulated translumenal flux can also act as a direct tissue-shaping force in metazoan development, specifically in intracellular lumen extension. Aquaporins are known to shuttle between vesicular and plasma membranes, or move onto secretory vesicles, with or without incorporation into the plasma membrane [61] [62] [63] [64] . If the AQP-8-mediated translumenal flux results from water flow into subsequently lumen-connecting canalicular vesicles, vesicular ions may contribute to its morphogenetic effect, consistent with the previous implication of ion channels in tubulogenesis and supported by the accompanying paper 7,10,65 . The tight temporal and spatial regulation of the ERM-1-AQP-8 interaction fits with a morphogenetic purpose of this flux. The provocative restriction of this interaction to peri-lumenal cuffs, spaced in periodic intervals along expanding canals, could suggest that localized fluid pulses aid in propelling active lumen extension (Fig. 8g) .
METHODS
Methods and any associated references are available in the online version of the paper.
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M E T H O D S
METHODS Nematode strains and maintenance. Wild-type (C. elegans variety Bristol, strain N2) and mutant worms were cultured and maintained using standard methods 66 . In general, worms were cultured on NGM (Nematode Growth Medium) plates seeded with Escherichia coli OP50 (http://www.wormbase.org). Supplementary Table S4 provides a list of strains used in this study.
ERM-1[++] modifier RNAi screen. The published experimental data on ERM-
interacting proteins in all species was reviewed and used to generate founder groups of molecules that were subsequently expanded to broader classes of candidate in vivo ERM-1-interacting molecules. For example, using the ERM-binding protein actin as a founder molecule, we searched for actin and actin-related molecules (for example actin, actin-binding, actin-regulating proteins) in the C. elegans genome by AceView (providing a curated, comprehensive and non-redundant sequence representation of all public mRNA sequences, http://www.ncbi.nlm.nih.gov/IEB/ Research/Acembly/) and Wormbase (http://www.wormbase.org). The query actin in AceView will retrieve all five C. elegans actin genes (act-1 to act-5) and seven actin-related genes. In this way, ∼3,000 genes were identified in the C. elegans genome, imported into an Excel work sheet and pruned to remove overlapping genes, resulting in 1,846 C. elegans orthologues of broadened classes of putative ERM interactors. Results of the screen are presented in Table S1 and have been submitted to Wormbase (http://www.wormbase.org).
RNA interference.
RNAi for screens and for single experiments involved feeding worms bacterial clones harbouring plasmids with each specific DNA, derived from the Ahringer genome-wide RNAi feeding library (Wellcome Trust/Cancer Research UK Gurdon Institute), unless otherwise indicated. Conditions to induce the bacterial polymerase to generate double-stranded RNA on feeding plates were used as described 67 .
For the screen, ∼50 RNAi clones per day were evaluated. For each RNAi experiment, at least 100 F1 animals per plate were scored under a dissecting fluorescence microscope for excretory canal phenotypes, and experiments were repeated three to six times. The position of the vulva was taken as the longitudinal mid-point of the animal. ERM-1[++] suppression was scored when posterior canals extended beyond the vulva and enhancement was scored when canals terminated close to the cell body and cyst size exceeded 1/2 body width. RNAi controls used with each experiment included: the parent plasmid control, with and without a complementary DNA thought to be inert (DsRed was used to visually determine its presence; mock): sma-1(RNAi) as an ERM-1[++] enhancer; erm-1(RNAi) as an ERM-1[++] suppressor. Plasmid DNA was isolated from positive clones and sequenced to confirm gene identity.
Mild RNAi was induced using low-dose IPTG (1 µM to 1 nM). RNAi was conditionally induced at different stages by transferring wild-type or mutant L1-, L2-, L3-stage larvae and adult animals to RNAi plates and observing them over time. For ERM-1[++] suppression experiments animals with typical short (<1/2 body length) and wide canals were picked and scored for posterior canal growth >1/2 body length after three days. Experiments were repeated three times.
Recombinant DNA procedures. aqp-8 full-length genomic DNA with a ∼1.0 kilobase (kb) upstream sequence was amplified by PCR (see Supplementary  Table S5 for all primers used in this study) and cloned into the GFP vector pPD95. 75 (ref. 68) by Sph1 and BamH1. The amplified mCherry DNA was ligated to the 3 end of the aqp-8 full-length genomic DNA by BamH1-KpnI into pPD95.75. vha-1 full-length genomic DNA with ∼900-base-pair upstream sequence was amplified and inserted into the HindIII-BamHI sites of the pPD95.75 plasmid. All DNA ligations were carried out using a ligation kit (Roche diagnostics). The recombinant plasmid DNAs were transformed into E. coli XL1 Blue and plasmid DNAs were purified by a QIAGEN Miniprep kit (QIAGEN). All recombinant plasmids were sequenced to verify their integrity. DNAs were injected into wild-type or mutant C. elegans with or without rol-6 marker DNA using standard microinjection techniques 69, 70 .
In vitro mutagenesis. Point mutations were introduced into the aqp-8 gene by site-directed mutagenesis (QuikChange Site-Directed Mutagenesis Kit, Agilent Technologies). Briefly, a pair of primers containing the desired mutation was annealed to the corresponding sequences on opposite strands of the template plasmid and extended in opposite directions. The aqp-8::gfp plasmid was used as the template for the PCR reactions. After 18 amplification cycles, PCR products were digested by DpnI to degrade the parental plasmid (DpnI degrades only the parental methylated double-stranded DNA) and subsequently transformed into XL10-Gold ultracompetent cells. Plasmid DNA was prepared from transformed bacteria and sequenced to verify the desired mutation.
Isolation of total RNA and semi-quantitative PCR with reverse transcription (RT-PCR).
Total RNA was isolated from well-fed worms by phenol/guanidine isothiocyanate as described in the manufacturer's manual (TRIzol, Invitrogen). Single-stranded cDNAs were made from total RNA using Superscript II RT (reverse transcriptase), as described in the manufacturer's manual (Thermo Scientific Verso cDNA Kit). PCR experiments were performed with 5× and 10× serial cDNA dilutions. For each primer set, 22-36 amplification cycles were carried out, at conditions optimized to ensure that amplification occurred in the linear range. Equal aliquots of PCR products were loaded and visualized on an agarose gel stained with ethidium bromide, using unc-54 (myosin) as a control. PCR was repeated three times from two independent transgenic lines. For quantification of RT-PCR products, gel band intensity was measured using NIH ImageJ software. An area adjacent to each band was used to determine the background intensity and was subtracted from the band intensity value.
aqp-8 full-length cDNA construction. Single-stranded cDNAs were made from total RNA by Superscript II RT using random hexamer primers, as described in the manufacturer's manual (Thermo Scientific Verso cDNA Kit). From these templates, double-stranded aqp-8 cDNA was made by PCR, including the start codon (www.wormbase.org for predicted C. elegans start codons). The doublestranded aqp-8 cDNA was digested by EcoRI and NcoI and ligated to a short cDNA (yk269h11). The recombinant cDNA was sequenced to ensure integrity.
ERM-1 antibody generation and western blots. A polyclonal rabbit antibody
was raised against the ERM-1 peptide TDYDVLHMENKKAGR (PRIMM) and shown to identify a band with a relative molecular mass of 75,000 on western blot analysis, not detected by the pre-immune serum; this band corresponds to a band detected by a monoclonal ERM1 antibody generated previously 71 (Developmental Studies Hybridoma Bank, University of Iowa, US, product catalogue year 2012, http://dshb.biology.uiowa.edu; and data not shown). Protein procedures were performed as described previously 72 . Briefly, for quantitative western blots, 30 L4-stage worms were boiled in 30 µl sample buffer, proteins separated on a 10% SDS-PAGE gel, transferred to nitrocellulose membranes, probed with the primary antibodies anti-ERM-1 (1:100 dilution) and anti-GFP (1:500 dilution; Roche, clones 7.1 and 13.1, catalogue No. 11 814 460 001), a goat anti-mouse secondary antibody (1:10,000 dilution; IRDye 680LT, LI-COR), and detected by the Odyssey western blot detection system (LI-COR).
erm-1 and aqp-8 expression profiles during excretory cell and canal development.
Early embryos were either directly mounted after dissecting gravid hermaphrodites with a razor, or were observed inside the uterus of mounted adults. Multiple early embryos (N > 1,000) were examined by confocal microscopy to obtain representative profiles for determining the onset of GFP expression in the excretory canal. Similarly, multiple GFP-positive embryos and L1 larvae at different developmental stages were observed to obtain representative profiles of their subcellular localization and their relation to each other during all phases of active canal extension.
Osmotic stress assay. Wild-type and mutant animals, grown on NGM E. coli OP50 plates, were washed off plates and incubated for 8 h at room temperature in microtubes containing either 0.25 ml MilliQ-purified water (Millipore), 0.5M NaCl or M9 buffer (85 mM NaCl, 42 mM Na 2 HPO 4 , 22 mM KH 2 PO 4 and 1 mM MgSO 4 ). Animals were then pipetted out of the microtubes and seeded onto E. coli plates. Total and motile animals were counted at hour 0, 1, 15 and 25 after transfer. Experiments were repeated six times.
Mercury assay.
A 200 mM stock solution of mercuric chloride (HgCl 2 ) was made and added to NGM plates in two ways: either as addition to the NGM media before pouring the plates; or as addition to the E. coli OP50 bacterial lawn (plates were then air-dried before use). Final mercury concentrations of 0.2 mM and 0.4 mM were used for the assays shown (>0.6 mM was determined as lethal). Wild-type and mutant animals were seeded onto the HgCl 2 -supplemented feeding plates and F1 L4-larval progeny was scored for excretory canal phenotypes.
Yeast two-hybrid assay. For bait and prey construction, different fragments and full-length cDNAs were amplified by PCR from yk129b2 (erm-1), yk269h11 and our full-length cDNA (aqp-8), and yk1705g12 (act-5). erm-1 fragments were cloned into the SfiI sites of the pDHB1 vector; aqp-8 and act-5 fragments were cloned into the SfiI site of the pPR3-N vector (Dualsystem Biotech). A 1 kb fragment of exon 5 of the unc-54 gene was amplified by PCR using genomic DNA as a template and cloned into the SfiI site of the pDHB1 vector. Transformation, growth on selection plates and ß-galactosidase assay were performed as described in the manufacturer's manual. Images of yeast colonies were acquired by a Sony digital camera.
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Confocal and dissecting microscopy. Fluorescence dissecting micrographs were acquired using an Olympus SZX12 microscope, equipped with a custom-made high-power stereo fluorescent attachment (Kramer Scientific) and a digital CCD (charge-coupled device) camera (Qimaging RETIGA 2000R) and Qcapture software. Nomarski and confocal micrographs were acquired by a Leica TCS SL laser-scanning microscope (Leica Microsystem). Single-plane images were taken as 10 (6-50) sections along the z axis at 0.2 µm intervals. For confocal z-series, sections were merged into a single-projection image. For multi-channel images, individual channel intensity was adjusted and the samples were scanned sequentially to exclude the possibility of bleed-through between channels. The images were edited by Adobe Photoshop software.
HPF-TEM and tomography. Animals were fixed for electron microscopy by high-pressure freezing and freeze-substitution, following standard methods 73 . Live animals were fast-frozen using a Bal-Tec HPM 100 high-pressure freezer, and freezesubstituted into 1% osmium tetroxide in acetone, using an RMC freeze-substitution device. After acetone rinses and infiltration into Embed812 resin, blocks were thin-sectioned for electron microscopy. Transverse views of the canal were obtained using a Philips CM10 electron microscope. Alternatively, transverse thick sections were viewed in a Technai20 at NYSBC to collect a series of tilt images from −70 • to +70 • at high magnification for electron tomography. Internal features and area matching were used for alignment using Protomo software 74 and the two orthogonal tomograms were merged using patch correlation and volume warping 75 . Finally, dual tilt tomograms from multiple serial thick sections were stitched together along the z axis using IMOD software 76 . Annotation and modelling was done by hand using IMOD.
Statistics. Statistical analyses were performed by Microsoft Excel. All values are mean ±s.d. from three or more experimental data sets, except in Supplementary   Table S3 where medians were determined, as indicated. P values were calculated by a two-tailed Student t -test. n (number of independent experiments) are indicated in the text and figure legends and sample sizes (N ) are indicated where necessary.
* P < 0.05, * * P < 0.001, * * * P < 0.0001. 
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